INTRODUCTION
Protein folding and assembly in vivo require the participation of accessory components that are referred to as molecular chaperones (Ellis and van der Vies, 1991) . A number of chaperones have been identified as members of the heat shock protein family. Heat shock protein 60 (Hsp6O) and Hsp70 are among the most extensively studied eukaryotic molecular chaperones (Vierling, 1991; Gething and Sambrook, 1992) . 60th Hsp6O and Hsp70 are highly homologous among eukaryotes. Proteins homologous to Hsp6O and Hsp70 have also been identified in Escherichia coli and other prokaryotes, i.e., DnaK and GroEL proteins, respectively (Gething and Sambrook, 1992) .
However, in E. coli, there is another chaperone of 36 kD, DnaJ. Residing in the same operon as the dnaKgene, the dnaJ gene is also heat shock inducible. DnaJ functions in the initiation of bacteriophage P1 and E. coli oriC-dependent DNA replication by binding to RepA and stimulating the ATPase activity of DnaK (Wickner, 1990; Liberek et al., 1991; Wickner et al., 1991) . It also participates in bacteriophage h replication through interactions with hP and DnaB proteins (McMacken et al., 1988; Zylicz et al., 1988 Zylicz et al., ,1989 Georgopoulos et al., 1990) . In the protein folding pathway, DnaK, DnaJ, and GroEL are proposed to interact successively with a folding polypeptide (Langer et al., 1992) . DnaJ has a dual role in this highly coupled chaperone reaction: retarding the ATP-dependent release To whom correspondence should be addressed.
of DnaK and directly contributing to the stabilization of the folding protein.
Recently, severa1 DnaJ homologs have been reported in the yeast Saccharomyces cerevisiae (Blumberg and Silver, 1991; Caplan and Douglas, 1991; Luke et al., 1991; Atencio and Yaffe, 1992) . The yeast SCJl protein, with 37% amino acid sequence identity to E. coli DnaJ, has been localized to the mitochondria (Blumberg and Silver, 1991) . Overexpression of the ScJl gene resulted in missorting of a nuclear-targeted chimeric protein. The ye.ast cytoplasmic DnaJ homolog YDJ1 has 32% identity with the sequence of E. coliDnaJ (Caplan and Douglas, 1991) . The MAS5 gene, identified as a temperature-sensitive mutation resulting in defects in mitochondrial protein import at elevated temperatures, was found to be identical to YDJ7 (Atencio and Yaffe, 1992) . A third yeast protein, SIS1, which is 28% identical to E. coli DnaJ, can be found throughout the cell but is more concentrated in the nucleus (Luke et al., 1991) .
There is yet another yeast protein, Sec63, required for import of proteins into the endoplasmic reticulum (ER), which contains a 70-amino acid stretch that is similar to the amino-terminal region of E. coli DnaJ Sadler et al., 1989; Feldheim et al., 1992) . The presence of different yeast DnaJ homologs in multiple cellular compartments is reminiscent of yeast and other eukaryotic Hsp70s, homologs of DnaK. The yeast DnaJ homologs are likely to function in protein folding, import, and assembly, together with their respective Hsp70 partners in different cellular compartments.
In this paper, we report the existence of a family of heat shock proteins in a higher plant that is related to DnaJ. We have obtained a cDNA clone (pANJ1) from Atriplex nummularia, the translated polypeptide of which is homologous to the E. coli DnaJ and S. cerevisiae DnaJ homologs. We have demonstrated that ANJl is a functional homolog of YDJlIMAS5 because it was able to complement the temperature-sensitive growth phenotype of the mas5 mutation in yeast. Occurrence of other DnaJ family homologs in A. nummularia was demonstrated by detection of proteins that are antigenically related to the yeast SCJl and Sec63. Accumulation of ANJl and Hsp70 mRNAs is induced coordinately during heat stress but follows different patterns of expression during the cell growth cycle and after NaCl treatment.
RESULTS

pANJ1 cDNA Clone Encodes a Plant DnaJ Protein
pANJl was identified in a low-stringency screen for ElE2-type ATPase cDNAs from A. nummularia. The probe used was a tobacco cDNA insert that encodes the partia1 sequence of a putative ER Ca2+-ATPase (Perez-Prat et al., 1992) . Although pANJl persistently hybridized with the probe during screening, its sequence does not reveal any significant homology with the Ca2+-ATPase probe. More detailed analyses of this clone indicated that it is not an ion-translocating ATPase.
Rather, it appears to belong to the family of DnaJ proteins.
pANJl has an insert of 1672 bp with the longest open reading frame encoding a polypeptide of 417 amino acids, as shown in Figure 1 . The predicted polypeptide (ANJ1) has a theoretical molecular mass of 46.6 kD and a theoretical pl of 6.51.
Hydrophobicity analysis revealed that ANJl contains no obvious transmembrane domains (data not shown).
ANJl has the highest sequence homology with YDJlIMAS5, with an overall identity of 43.4%. As shown in Figure 2 , ANJl and'YDJlIMAS5 also contain a similar carboxyl-terminal stretch of amino acid sequence that is absent from E. coli DnaJ and other yeast DnaJ homologs. The amino acid sequence CASQ at the carboxyl terminus of YDJlIMAS5 has been proposed to be a recognition site for protein isoprenylation (Caplan and Douglas, 1991; Atencio and Yaffe, 1992) because it conforms to the CXXX box (where C is cysteine and X is any amino acid) (Stimmel et al., 1990; Glenn et ai., 1992) . Caplan et ai. (1992a) recently determined that the fourth residue (cysteine) from the C terminus is indeed farnesylated, and this farnesylation is essential for yeast survival at elevated temperatures. The sequence CAQQ at the C terminus of ANJl might also serve as a recognition site for isoprenylation that would increase its capacity to associate with cellular membranes (Rine and Kim, 1990; Caplan et al., 1992a) . ANJl has an overall 37.1% sequence identity with SCJl. ANJl lacks the signal sequence for mitochondrial targeting that is present in the N-terminal region of SCJl (residues 1 to 25). ANJl is more distantly related to the SIS1 protein, with an overall sequence identity of 30%. nummularia cDNA lnsert of pANJ1.
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DNA bases and one-letter amino acid codes are numbered at the right. The putative isoprenylation signal sequence CAQQ is underlined. The nucleotide and deduced amino acid sequences have been submitted to GenBank as accession number L09124.
ANJl has an overall 35.2% sequence identity with E. (Ohki et al., 1986) and YDJl (Caplan and Douglas, 1991; Atencio and Yaffe, 1992) and SCJl (Blumberg and Silver, 1991) from S. cerevisiae.
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ldentical or conserved amino acids between ANJl and two other proteins are boxed. Dashed lines represent spaces that are introduced to maximize alignment. Filled and open stars denote conserved cysteine and glycine residues, respectively. Notice that the glycine residue in the last glycine pair is not conserved between prokaryotic and eukaryotic DnaJ proteins. Putative structural repeat motifs are underlined and numbered I to IV.
is also relatively conserved. In addition, the cysteine pairs are always followed by paired glycine residues with the exception of the last cysteine pair in eukaryotic DnaJ homologs ( Figure  2 ). The cysteine and glycine pairs seem to constitute a common motif that is repeated four times (repeat I to I V Figure   2 (Devereux et al., 1984) showed that these four repeats may all have secondary structures of turns.
Complementation of a S. cerevisiae masS Mutant
The yeast YDJ1/MAS5 is known to function in protein import into mitochondria because the temperature-sensitive mas5 mutant displays a defect in this process (Atencio and Yaffe, 1992) . YDJ1/MAS5 is also required for protein translocation across the ER (Caplan et al., 1992b) . Analogous to the bacterial DnaJ, YDJ1/MAS5 can stimulate the ATPase activity of Hsp70 (Cyr etal., 1992) . Because the A. nummularia ANJ1 has the highest sequence homology with YDJ1/MAS5, we tested the possibility that ANJ1 is a functional homolog of YDJ1/MAS5 by complementing the yeast mass mutant.
The entire coding sequence of pANJ1 was subcloned in both sense and antisense directions into the E co//-yeast shuttle vector pYES downstream from the GAL1 promoter, yielding plasmids pYANJIa and pYANJIb, respectively. The plasmids were then used to transform the yeast strain MYY391, which is unable to grow at 37°C because it carries a temperaturesensitive mutation in masS (Atencio and Yaffe, 1992) . Figure  3 shows that pYANJIa complemented the temperature-sensitive growth phenotype of the masS mutation. Consistent with the control of ANJ1 expression by the inducible GAL1 promoter, the MYY391 strain containing pYANJIa grew on galactose medium but not on glucose medium at 37°C. The pYES vector alone or vector plus antisense ANJ1 (pYANJIb) did not allow growth of MYY391 on either galactose or glucose medium at 37°C.
These data indicate that the protein encoded by the A. nummularia cDNA (ANJ1) is a functional homolog of YDJ1/MAS5. Caplan and coworkers (1992a, 1992b) have demonstrated that the £ co// DnaJ was able to complement some of the growth phenotypes of the ydj1/mas5 null mutant. Hence, the bacterial, yeast, and higher plant proteins not only share high sequence homology but may also perform many similar functions.
Occurrence of Other OnaJ Homologs
Polyclonal anti-yeast SCJ1 and Sec63 sera were used to detect their respective homologs in A. nummularia, as shown in Figure 4 . Figure 4B shows that a polypeptide of ~46 kD was detected with affinity-purified anti-SCJ1 antibody. SCJ1 is the yeast 46-kD mitochondrial DnaJ homolog that may also reside in the ER (Blumberg and Silver, 1991) . The A nummularia SCJ1-like protein was detected in the 4K (mainly nuclei and chloroplasts), 10K (mainly chloroplasts and mitochondria), and lOOK(microsomes) fractions only in heat-shocked cells. This protein is different from ANJ1 because anti-SCJ1 antibodies did not react with ANJ1 protein expressed in bacteria (data not shown). Instead of the 46-kD SCJ1-like protein, a smaller polypeptide was detected in the total protein extracts of both control and heat-shocked leaves. Sec63 was the first eukaryotic protein reported that had homology to the £ co// DnaJ Sadler et al., 1989) . Using polyclonal antiserum against the DnaJhomologous region of the yeast Sec63, we detected a polypeptide of ~73 kD that reacted very strongly with the antibody, as shown in Figure 4C . The size is identical to the yeast Sec63. The level of this A. nummularia Sec63-like protein was very low in control cells but increased substantially upon heat shock. Whereas this protein is reported to be an integral ER membrane protein in yeast (Sadler etal., 1989; Feldheimetal., 1992) , it was detected only in the soluble protein fraction of A. nummularia cells.
Expression of ANJ1 and Hsp70 mRNAs Is Coordinately Induced by Heat Stress
Cultured A. nummularia cells were heat shocked at 37°C to determine if ANJ1 is heat shock inducible. A. nummularia is native to the hot, arid Negev desert and can adapt quickly to heat stress. After 48 hr of heat stress, the cells were still viable and actively growing. Similar to Hsp70 genes in other plants, A. nummularia Hsp70 mRNA accumulation was found to be induced by heat treatment, as shown in Figure 5 . ANJ1 transcript expression is also induced by heat shock (Figure 5 ). The time course of ANJ1 mRNA expression in response to heat stress was similar to that of Hsp70. Maximum expression occurred at 2 hr and then the transcript level gradually decreased.
Expression o\ANJ1 transcript was also substantially induced by heat treatment in both leaf and stem tissues, as shown in Figure 6A . Similar to Hsp70, response of ANJ1 mRNA accumulation to heat shock was very rapid. Induction of ANJ1 and Hsp70 messages was observed as early as 10 min after heat shock, as indicated in Figure 6B . One hour after heat shock, the message accumulation appeared to be saturated ( Figure  6 ). The data show that expression o\ANJ1 and Hsp70 mRNAs is similar during heat shock. This is consistent with proposed cooperative chaperone functions of these proteins (Langer et al., 1992) . Figure 7 shows that the pattern of mRNA accumulation of ANJ1 differed from that of Hsp70 during growth of cultured A. nummularia Sg cells. The greatest difference was observed early (1 day after inoculation) in the growth cycle prior to the peak of mitotic activity (J.-K. Zhu and P. M. Hasegawa, unpublished data).
Noncoordinate Expression of ANJ1 and Hsp70 mRNAs during Cell Growth and in Response to NaCI Treatment
The results shown in Figure 8 indicate that ANJ1 transcript was induced in deadapted cultured cells by 342 mM NaCI 24 hr after treatment. This induction occurred only in 4-day-old cells. Hsp70 mRNA, however, was not substantially induced in deadapted cells (Figure 8 ). Neither ANJ1 nor Hsp70 mRNAs were induced by 24 hr of NaCI treatment in unadapted cells (data not shown). Taken together, these results indicate that 
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ANJ1 may have a function related to NaCI stress that is separate from a coordinate role of ANJ1 and Hsp70 in heat shock.
DISCUSSION
The data reported here indicate that higher plant cells contain a family of DnaJ-related proteins. ANJ1 is likely the cytoplasmic form of DnaJ in A. nummularia, because it has the highest sequence homology with YDJ1/MAS5 and can complement the mas5 mutation in yeast. Possible polyisoprenylation at the cysteine residue nearest to the C terminus might regulate its association with membranes, i.e., nuclear envelope, ER, and outer envelope membranes of mitochondria and chloroplasts. The 46-kD SCJ1-like protein seems to be one of the organellar counterparts of ANJ1, possibly residing in mitochondria, chloroplasts, and ER. The 73-kD heat shock protein detected by anti-Sec63 serum was present only in soluble protein fractions (100,000g supernatant), whereas the yeast Sec63 has three potential membrane spanning domains and was shown Time represents the period after inoculation of stationary phase cells into fresh medium (see Casas et al., 1991 , for growth data on these cells). and the heat shock transcription factor o 32 occurs independently of DnaK (Gamer et al., 1992) .
METHODS
Plant Materials and Stress Treatments
Suspension cultures of Atriplex nummularia cells (unadapted, S 0 ) were maintained in liquid Murashige and Skoog medium at 26°C (Casas et al., 1991) . NaCI-adapted cells (Sao), capable of growth in medium with 342 mM NaCI, were obtained by transferring the unadapted cells sequentially into media containing higher levels of NaCI. Deadapted cells (820-0) were obtained by transferring the adapted cells to, and maintaining them in, media without NaCI for at least 100 generations prior to the experiments. For heat treatment of S 0 cells, 16 culture flasks were inoculated with equal aliquots of cells in the stationary phase of growth and grown to exponential phase at 26°C. Eight flasks were then moved to an incubator shaker at 37°C for various time periods. Shoots of A. nummularia plants (30°C) were excised, put inside humidified plastic bags, and incubated at the indicated temperatures.
NaCI treatment of cultured cells was performed as described by Casas et al. (1992) . Cells were harvested 24 hr after addition of NaCI. ANJ1 was induced by NaCI treatment in deadapted cells at early linear phase of growth, whereas Hsp70 was not induced.
to be associated with microsomal membranes (Sadler et al., 1989; Caplan and Douglas, 1991) . Nonetheless, the size, immunoreactivity, and the fact it is a heat shock protein indicate that it may indeed be a homolog of Sec63. There is some evidence that Sec63 and YDJ1/MAS5 are both involved in translocation of proteins into the lumen of the ER Caplan et al., 1992b; Green et al., 1992) . Little is known about the machinery for protein translocation across the ER in higher plant cells. A member of the Hsp70 family was recently shown to participate in the translocation of a plant secretory protein precursor by maize endosperm microsomes (Miernyk et al., 1992) . It will be of great interest to determine if ANJ1 and the Sec63-like protein detected in A. nummularia have any role in protein translocation across ER membranes in higher plant cells.
The pattern of ANJ1 gene expression in response to heat stress is similar to that of Hsp70; however, differences in the expression of these two genes were detected during the growth cycle of suspension cultured cells. Expression of ANJ1 and Hsp70 mRNAs was also different during salinity stress. These data indicate that ANJ1 may have independent functions in addition to cooperating with Hsp70s. A recent study in bacteria has demonstrated that physical interaction between DnaJ
Clone Isolation and Identification
An A. nummularia XZAPII cDNA library (Casas et al., 1992) was screened with an ( z,E 2 -type Ca 2+ -ATPase cDNA probe from tobacco (Perez-Prat et al., 1992) . Hybridizations were performed at 37°C in a solution containing 25% (v/v) formamide. Final washes were for 30 min with 3 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.1% SDS. Limited sequences from the 5' end of the five resultant clones were obtained. The translated polypeptide of one of these five clones, pANJ1 (A. nummularia DnaJ 1), had high amino acid sequence homology with Escherichia coli DnaJ. The sequence of both strands of the cDNA insert was determined by the Sanger dideoxy nucleotide chain termination method (Sanger et al., 1977 ) using a Sequenase kit (U.S. Biochemical). Restriction fragments of the cDNA insert were subcloned into the pBluescript SK-vector (Stratagene). Synthetic oligonucleotide primers were custom synthesized by National Biosciences (Plymouth, MN). The nucleotide and deduced amino acid sequences were compared with those in the GenBank and EMBL data bases by using the sequence analysis programs of Devereux et al. (1984) .
Expression in Yeast
The 1.5-kb cDNA insert of pANJ1 was isolated by digestion with restriction endonucleases Bam HI and Xbal and ligated into the yeast expression vector pYES (Invitrogen, San Diego, CA) downstream from the GAL1 promoter to create pYANJIa. The cDNA insert of pANJ1 was also isolated by digestion with EcoRI and subcloned into pYES in the antisense orientation relative to the GAL1 promoter to create pYANJIb. The yeast strain MYY391 (MATa Ieu2 his3 ura3 masS, gift of Dr. M. P. Yaffe, University of California at San Diego; Atencio and Yaffe, 1992) was transformed with pYANJIa, or as a control with pYANJIb (antisense) or pYES (vector). The wild-type yeast strain MYY290 (MATa Ieu2 his3 ura3) was transformed with pYES. Yeast transformations were done by the lithium acetate method (Ausubel et al., 1989) . Ufa? transformants were selected and grown at 23OC on minimal medium containing 2% glucose and supplemented with leucine and histidine but lacking uracil. Transformants were streaked on either 0.2% glucose plus 2% raffinose or 0.2% galactose plus 2% raffinose-containing minimal media supplemented with leucine and histidine but lacking uracil. Plates were either incubated at 23OC or 37% and photographed after 1 week of growth.
lmmunoblot Analyses
For total proteins, control or heat-treated (1 hr) leaves were ground in liquid nitrogen and extracted with acetone at -2OOC. For biochemical subfractionation, control and heat-treated (2 hr) cells were quickly harvested, homogenized in a blender (Waring, New York, NY) with a homogenizing buffer consisting of 25 mM 2-(N-morpholino) ethanesulfonic acid-l,3-bis[tris(hydroxymethy)-methylamino]propane, 2 mM ethylene glycol-bis (P-aminoethyl ether)-N,N,N',N'-tetraacetate, 10 mM MgSO,, 2 mM dithiothreitol, 4% (w/v) polyvinylpyrrolidone, 100 mM ascorbate, 250 mM sorbitol, and 1 mM phenylmethylsulfonyl fluoride, pH 7.2. The homogenate was filtered through eight layers of cheese cloth. The filtrate was centrifuged for 10 min at 40009 and the resulting supernatant was centrifuged for 15 min at 10,OOOg. The supernatant of the l 0,OOOg spin was centrifuged again for l hr at l O0,OOOg. The pellets from the 40009, l O, OOOg, and 100, OOOg centrifugations were designated 4K, 10K, and l OOK fractions, respectively. Proteins were precipitated from the supernatant of the l O0,OOOg spin by the addition of five volumes of cold methanol containing 100 mM ammonium acetate, and then incubated at -2OOC overnight. The precipitate was designated the soluble fraction. All above manipulations were done at O to 4OC, unless specified otherwise.
Proteins were extracted from the acetone cell powder, or the 4K, 10K, 100K, and soluble fractions with a buffer containing 2% (wh) SDS, 5% (vh) 2+"captoethanol, 0.002% (wh) bromophenol blue, 10% (vh) glycerol, and 62.5 mM Tris-HCI, pH 6.8. Proteins were separated on 10°/o SDS-polyacrylamide gels and stained with Coomassie Brilliant Blue R250 or electroblotted onto nitrocellulose. Protein blots were blocked with 2% (w/v) nonfat dry milk in TBS (500 mM NaCl and 20 mM Tris-HCI, pH 7.5), and incubated overnight with affinity-purified rabbit lgGs against the yeast mitochondrial DnaJ homolog SCJl (a generous gift of Dr. Pamela A. Silver, Princeton University, Princeton, NJ; Blumberg and Silver, 1991), or with rabbit antiserum to the DnaJhomologous region of the yeast protein Sec63 (1:l OOO dilution; a generous gift of Dr. Pamela A. Silver). lncubations with alkaline phosphate-conjugated goat anti-rabbit antibody (Bio-Rad, Richmond, CA) were for 2 hr at a dilution of 1:3000 (v/v) before washes and color reactions. All antibodies were diluted with TBS plus 1% (w/v) nonfat dry milk and 1% (v/v) Tween-20.
RNA Gel Blot Analyses
Total RNA was isolated by the acid guanidinium thiocyanate-phenolchloroform extraction procedure (Chomczynski and Sacchi, 1987) . The RNA was further purified by precipitation with 2 M L U , followed by ethanol precipitation.
For gel blot analyses, total RNA (20 pg) was separated on formaldehyde agarose gels and blotted onto nitrocellulose by capillary transfer. Hybridization and washing conditions were as described by Casas et al. (1992) . The probe for ANJl RNA gel blot analyses was a gelpurified entire cDNA insert of clone pANJl. The probefor Hsp7O RNA gel blot analyses was a gel-purified A. nummularia cDNA insert (18 kb); the encoded amino acid sequence of this probe has overall more than 80% homology with other plant Hsp7Os (J.-K. Zhu and P.M. Hasegawa, unpublished data). Probes for ANJl and Hsp7O were used with separate RNA blots for maximum clarity of the signals. However, the ANJl blots were reprobed with Hsp70 and vice versa to assure the validity of signal differences observed between the ANJl and Hsp7O blots. In addition, RNA blots were stripped in 2 mM Tris, pH 8.0, 2 mM EDTA at 7OoC for 15 min prior to reprobing with a Drosophila actin 5C probe (Fyrberg et al., 1983) as controls for gel loading and RNA transfer. Reprobing with actin was performed for both ANJl and Hsp7O blots and results were identical. Therefore, only the ANJl blots reprobed with actin are shown in the figures.
